Porcine circovirus (PCV) has been assumed to replicate its genome via the rolling-circle replication (RCR) mechanism because it encodes a Rep protein that contains several amino acid motifs commonly found in other RCR biological systems. Two proteins, Rep and Rep', are essential for PCV DNA replication in mammalian cells. In this work, replicative intermediates of PCV-infected porcine kidney (PK15) cells or copy-release of PCV genomes from a head-to-tail tandem construct (without Rep') in Escherichia coli were examined. In PK15 cells, replicative intermediates consistent with complementary-strand replication which converts single-stranded circular genome to double-stranded supercoiled DNA and RCR which generates single-stranded plus strand progeny genome were observed. To a lesser extent, intermediates suggestive of recombination-dependent replication were also detected. In Escherichia coli, copy release of the single-stranded circular PCV genome with conversion to a supercoiled molecule by complementary-strand synthesis was observed. However, replicative intermediates indicative of RCR were not detected.
Background
The rolling-circle replication (RCR) mechanism has been demonstrated in the synthesis of circular DNAs of phages (Novick, 1998) , bacterial plasmids (del Solar et al., 1998; Khan, 2000) , plant viruses (Gutierrez, 1999; Hanley-Bowdoin et al., 2000; Palmer and Rybicki, 1998) and animal viruses (Graham et al., 1989; Musatov et al., 2000) . The common features exhibited by these diverse biological systems include an initiator Rep protein (Ilyina and Koonin, 1992 ) and a pair of inverted repeats or palindromic sequences capable of forming a stem-loop structure at the origin of DNA replication (Ori). Based on the fact that porcine circovirus (PCV), a member of the genus Circovirus of the Circoviridae family (McNulty et al., 2000) , encodes a Rep protein that contains several amino acid motifs (RC-I, RC-II and RC-III and a P-loop domain) (Steinfeldt et al., 2007) present in other biological systems that replicate by RCR and that Rep exhibits nicking/joining activities in concert with the viral sequences at the Ori (Steinfeldt et al., 2006) , it has been theorized that PCV replicates its genome via RCR.
During a PCV productive infection in mammalian cells, the single-stranded (ss) circular genome is transported to the nucleus. Two virus-encoded proteins, Rep and Rep', are essential for PCV DNA replication (Cheung, 2003a (Cheung, ,b, 2004b (Cheung, , 2006b Mankertz and Hillenbrand, 2001 ). However, direct evidence demonstrating the replicative intermediates of PCV has not been reported. Nucleotide sequence analysis shows that the PCV Rep gene is intermediate between the Rep genes of plant geminiviruses and nanoviruses (Meehan et al., 1997; Niagro et al., 1998) , which suggests that PCV may replicate its genome in a manner similar to the Geminiviridae (Gutierrez, 1999; Hanley-Bowdoin et al., 2000; Palmer and Rybicki, 1998) or Nanoviridae (Gronenborn, 2004) viruses. Three DNA synthesis mechanisms have been reported for geminiviruses: recombination-dependent replication (RDR), complementarystrand replication (CSR) and RCR. RDR replicative intermediates are double-stranded (ds) linear DNAs of various sizes (designated hds) derived from recombination/invasion of a ds genome by a ss linear DNA (Jeske et al., 2001; Preiss and Jeske, 2003) . CSR converts a ss circular genome to a relaxed ds circular genome. This ss to ds conversion requires a minus genome primer. A variety of minus genome primers had been reported for geminiviruses and nanoviruses (Donson et al., 1984; Hafner et al., 1997; Saunders et al., 1992) ; however, the origin and synthesis of these primers have not been determined. The relaxed ds circular genomes then become supercoiled molecules and serve as templates for RCR in the presence of the Rep-complex. It is expected that during productive PCV infections, like geminiviruses, both CSR and RCR occur simultaneously and intermediates specific to each process are present.
Two genotypes of PCV, PCV1 and PCV2, have been described. The PCV virion is non-enveloped, icosahedral, 16-21 nm in diameter and contains a closed-circular, ss-DNA genome (McNulty et al., 2000) . PCV1 [1759 nucleotides (nt)] was discovered in 1974 in a persistently-infected porcine kidney (PK15-ATCC-133) cell line and it is non-pathogenic (Tischer et al., 1986; Tischer et al., 1974) , while PCV2 (1768 nt) is associated with postweaning multi-systemic wasting syndrome in swine (Clark, 1996; Harding, 1996) . The genome organization of PCV1 and PCV2 is very similar. The cis-acting and trans-acting replication factors of both viruses are interchangeable for DNA replication and for chimeric virus production (Beach et al., 2010a,b; Cheung, 2003a; Fenaux et al., 2004; Mankertz et al., 2003) .
Previously, it was demonstrated that a unit size PCV genome can be excised from a chimeric head-to-tail (HTT) tandem DNA consisting of 0.8 copy of PCV type 1 (PCV1) and 0.95 copy PCV type 2 (PCV2) inserted into the pBluescript SK þ (pSK þ ) bacterial plasmid, that replicates via the theta replication mechanism (Tomizawa et al., 1974) , in the presence of a functional Rep gene (no Rep') and two Ori cis-acting elements (Cheung, 2006b) . Briefly, this HTT construct containing 1.75 copies of PCV yielded three different molecular size supercoiled ds DNA species (designated cccU, cccL and cccQ) when transformed into E. coli: cccU is the input parent construct, cccQ is the unit-length chimeric PCV1 Rep /PCV2 Cap genome with chimeric Ori-2L/1R but lacking the plasmid vector, and cccL is a molecule consisting of the remaining 0.75 copy PCV1 Cap /PCV2 Rep genome with chimeric Ori-1L/2R together with the pSK þ bacterial plasmid. Presumably, the generation of cccL and cccQ is via RCR copy-release mechanism, which requires the presence of two PCV Oris and a functional Rep with no involvement of Rep' (Cheung, 2004a (Cheung, , 2005a (Cheung, ,b, 2006a .
In this work, viral replicative intermediates of PCV2-infected PK15 cells, PCV1-persistently-infected PK15 cells, or copy-release of unit length PCV genome from a chimeric HTT construct in E. coli were examined. Total cell DNAs were analyzed by 2-D gel/Southern blot analysis. The first dimension is in neutral agarose gel (separation by molecular size) and second dimension is in chloroquine agarose gel (separation by topology or physical configuration). This 2-D gel system and in combination with electron microscopy had been used successfully in resolving the replicative intermediates of geminiviruses (Alberter et al., 2005; Erdmann et al., 2010; Jeske et al., 2001; Jovel et al., 2007; Preiss and Jeske, 2003) .
Results
Immunohistochemical staining of PCV2-infected and PCV1-persistently-infected PK15 cell PCV-free PK15 cells infected with PCV2 (multiplicity of infection¼0.4) at 38 h postinfection or PK15 cells persistentlyinfected with PCV1 (passage 152) were analyzed by immunohistochemical staining as previously described (Cheung and Bolin, 2002) . The primary antiserum used for PCV1 or PCV2 was hyperimmune serum raised in swine. In both experiments, viral antigens were detected in less than 1% of the virus-infected cells (data not shown).
Replicative intermediates of PCV2 in newly-infected PK15 cells
DNAs isolated from PCV2-infected PK15 cells at 38 h postinfection were analyzed by 2-D Southern blot analysis (Fig. 1a) . Intermediate DNA forms representing different replication mechanisms (CSR, RCR, and RDR) similar to that observed with the maize streak virus (MSV) of the Geminiviridae were observed (Erdmann et al., 2010) . As such, the various PCV2 DNA forms detected were designated similarly.
Genomic length ssDNA (1xss) that migrated farthest in the second dimension gel and away from the heterogenous hds DNA arc was the most prominent species observed. Dimers of ssDNA (2xss) with resolution into circular (c) or linear (l) forms were clearly detected. A molecular species southeast of the 2xss l-form, designated P (present but not addressed in MSV), may represent a stalled intermediate. Linear ds (lin), open circular ds (oc) and topoisomers of covalently closed circular (ccc) DNAs migrated as distinct molecular species. Higher molecular weight species ( Z2ccc) displaying a triangular pattern and hds DNA were present at the upper part of the Southern blot.
The predominant DNA species observed was the ss template (1xss), which may be linear or circular. CSR starts with 1xss and the end products are linear ds (lin) or open-circular (oc) DNA. The two lines connecting 1xss-lin and 1xss-oc represent different proportion of ds DNA synthesis during progressive CSR on each template. RCR originates from oc DNA and the intermediates protrude northwest as a straight line. The DNA forms indicated by YR, a straight line that runs parallel to RCR intermediates, have been described to being RCR intermediates nicked at a single site on the template strand (Erdmann et al., 2010) . RDR intermediates starting at 2ccc were recognizable with detection of a faint 2ccc DNA species upon long exposure (outlined as a dotted comma).
Replicative intermediates of PCV1 in persistently-infected PK15 cells
DNAs isolated from PCV1-persistently-infected PK15 cell (Fig. 2b) was analyzed by 2-D Southern blot. The various PCV1 DNA forms detected in this sample were essentially identical to those observed with PCV2-infected PK15 cells. In this sample, the stalled intermediate P, the 2ccc DNA and the RDR intermediates were readily observed. In addition, the end product of RCR that originated from the oc DNA displayed a discernible line that ended abruptly, which indicated the terminal point was an oc molecule linked with a monomeric length of ss DNA.
Copy-release replicative intermediates from a PCV-HTT construct in E. coli A previously described chimeric PCV1/PCV2 HTT construct (pChi7Rep' À ) capable yielding supercoiled unit-length Q PCV genome (cccQ) via the copy-release mechanism (Cheung, 2006b ) was examined. Total DNAs isolated at mid-log and stationary growth phases were analyzed by 2-D/Southern blot (Fig. 2) . The probe used hybridizes to U-and Q-but not L-DNA species. With respect to Q, DNA species representing 1xss, lin, oc and 1ccc DNA forms were observed. In the mid-log phase, 1xss was the major DNA species. In the stationary growth phase, oc and ccc were the major DNA species. The data suggested that most of the 1xss were converted ccc or oc by CSR at the stationary growth phase. Interestingly, RCR intermediates that originate from the oc DNA species were not detected.
Discussion
Employing the 2-D gel electrophoresis methodology established to study the replicative intermediates of plant geminiviruses, the DNA profiles of PCV during virus replication in animal PK15 cells and in copy-release of unit-length viral genome from a HTT construct in E. coli were delineated. In PK15 cells, the replicative DNA profiles of PCV were strikingly similar to that of MSV (Erdmann et al., 2010) . Various DNA forms and intermediates demonstrating that PCV undergoes CSR, RCR and RDR were readily recognized. Although RDR was detected, the presence of large amount of ss viral genome indicated that RCR is the predominant mechanism for PCV DNA replication. The number of DNA forms and intermediates detected between the PCV freshly-infected and persistently-infected PK15 cells were essentially identical, however, there were differences among the relative amounts of various DNA species. It is not clear whether these differences were intrinsic to the virus genotype (PCV1 versus PCV2) or results of the length of virus infection (new infection versus persistent infection).
In the E. coli/HTT system, ss circular PCV genomes (1xss) were readily observed but RCR intermediates that originate from the oc DNA species were not detected. Therefore, 1xss must have been derived from cccU directly via copy-release replication and not from RCR of Q. For the generation of supercoiled Q, copy-release replication generates the 1xss circular PCV genome (in which Rep provided the nicking and joining function of the Ori sequence), CSR converts 1xss to a ds relaxed molecule (using the yet to be identified minus-genome primer), and subsequent supercoiling by host enzymes to cccQ. Since Rep' is not synthesized by Chi7Rep'
À , whether initiation of RCR in E. coli requires contribution from the Rep' protein or not remains to be investigated.
Methods
Virus and viral DNA PCV2 virus was rescued from a genomic clone (GenBank accession number FJ218002) and propagated in PK15 cells. The chimeric HTT plasmids (pChi-7Rep' À ) containing 0.8 copy of PCV1 (GenBank accession number AY184287) and 0.95 copy of PCV2 inserted into the pSK þ plasmid (Stratagene, La Jolla, CA) was previously described (Cheung, 2006b ).
Total cell DNA isolation
Bacterial cell DNA was propagated in TOP10 cells (Invitrogen, Carlsbad, CA). Total PK15 or E. coli DNA was prepared using the MasterPure TM DNA Purification Kit (Epicenter Biotechnologies, Madison, WI), which include treatment of the samples with RNase A and proteinase K.
2-D Southern blot
The experimental gel system used has been previously described (Alberter et al., 2005) . Approximately 20 mg of DNA was used in each experiment. After denaturation (30 min 0.5 M NaOH) and neutralization (30 min 0.5 M HCl), the DNA was transferred to a nylon membrane (Roche Applied Sciences, Indianapolis, IN) with positive pressure in 10 Â SSC (1 Â SSC is 0.15 M NaCl and 0.015 M sodium citrate).
Probe and hybridization
Digoxigenin-labeled probe synthesis and detection were conducted using the DIG High prime DNA Labeling and Detection Starter kit II protocol (Roche Applied Sciences, Indianapolis, IN). The DNA probe used for hybridization was generated by PCR derived from PCV1 (GenBank accession number AY184287) at nt 1091 F (forward orientation) and at nt 1352 R (reverse orientation). This probe hybridizes with PCV1, cross-reacts with PCV2 and recognizes U-and Q-DNA species (but not L-DNA species).
Hybridization was carried out overnight at 421 C, washed twice in 2 Â SSC and twice in 0.5 Â SSC at 601 C for 15 min each.
